The study of influence of external uniaxial mechanical stress on the dispersive characteristics and anisotropy of elastic waves in such piezoelectric structures as "Y -cut La3Ga5SiO14/fused silica" has been conducted. The results of computer simulation taking into account the linear and nonlinear material constants of materials have been presented. The comparison of elastic wave velocity changes under the influence of an uniaxial stress while a full set of nonlinear material constants of crystalline layer + geometric nonlinearity, or only geometric nonlinearity of the layer induced by the static deformation of a substrate has been fulfilled.
Introduction
Due to extensive use of acousto-electronic devices, such as sensors, filters and frequency transformers in industry and medicine, the study of external static fields influence (especially uniaxial mechanical strain) upon the elastic waves' characteristics in crystals attracts attention of the devices' designers, including those on the basis of the new advanced materials [1, 2] . Piezoelectric sensors, for example, are widely used for pressures measurement (100-200 MPa/V) at frequencies from 40 kHz to 100 MHz [3] .
Mechanical stress significantly changes characteristics of the piezoelectric device due to the changes in both the material properties themselves and the sample's geometrical dimensions.
1. The theory of elastic wave propagation in a layered piezoelectric structure under homogeneous uniaxial stress influence
Suppose the X 3 axis of orthogonal coordinate system is directed along the outer normal to the surface of the layer, occupying the 0 X 3 h space, and the X 1 axis coincides with the wave propagation direction, h is the layer thickness. Following the theory developed in [20] , let us write the basic equations describing the effects of homogeneous stress and dc electric field simultaneously on the acoustic wave propagation in a piezoelectric medium. As a result of such effects a homogeneous deformation of a crystal should be arisen. Referring to the initial coordinate system, the small-amplitude wave equation of motion, the equation of electrostatics and the state equations for the uniformly deformed acentric crystal, as well as electrostatic equations would take the following form:
Here k A is the wave vector components. In general case, the elastic displacement and electric potential in both media have the form of linear combination of the partial waves such as: Here and elsewhere superscripts 1 or 2 denote the substrate and layer terms; a n and α i values are the weight coefficients and partial wave amplitudes respectively. The wave vector component
= ω/v coincides with the direction of the elastic wave propagation, and the condition Im(k (n) 3 ) < 0 should be satisfied within a substrate, which provides attenuation of the elastic wave below the "layer-substrate" interface.
SAW propagation in a layered structure under the homogeneous stress must comply with the relevant boundary conditions. So, the normal components of the stress tensor should vanish on the free surface of the layer if the pressure is applied along all the directions orthogonal to the free surface. Continuity of tangential component of the electric field should be provided by the continuity of the electric potential at the "layer-vacuum" interface. In addition, at the "layer-substrate" interface when X 3 =0, the equality of normal components of the stress tensor and elastic displacements, as well as continuity of the electric potential must be satisfied. All these requirements can be written as follows:
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Superscripts 1 and 2 denote substrate and layer respectively. In the case of mechanical stress application orthogonally to the free surface P X 3 , elastic properties of loading environment should be taken into account. Supposing that uniaxial stress in such geometry is conducted without hard elastic contact with the free surface (e.g. gas environment loading), and for this case mechanical boundary conditions can be written as follows [21] :τ
After substituting the solutions (4) in the form of uniform plane waves into boundary conditions (5) and taking into account expressions (1) and (2), one can obtain a system of equations for calculating the parameters of acoustic wave propagation in the layered structures [22] . Calculation of the elastic wave parameters can be fulfilled by the conventional method of partial waves [23] . The condition of vanishing of the boundary conditions determinant allows us to find the phase velocities of the elastic waves.
Dispersive dependences of elastic wave parameters in layered piezoelectric structures
On the basis of expressions (1)-(6) that describe elastic wave propagation in the layered structure the analysis of changes in characteristics of Rayleigh and Love elastic wave modes due to the change in the effective symmetry of the crystallic piezostructure, exemplified by "La 3 Ga 5 SiO 14 /fused silica" structure at different variants of uniaxial mechanical stress was conducted. Changes of the elastic wave phase velocity in the layered structure under mechanical stress influence would be more convenient to consider on the basis of the elastic wave phase velocity control coefficient that looks as follows:
The magnitude of the electromechanical coupling coefficient (EM CC) was determined by the following relation:
where v and v m are SAW phase velocities at free or metallized free surface of the piezoelectric layer [24] . Dispersive dependences of the phase velocities, EMCC's, and α v coefficients for Love and Rayleigh waves propagating in the layered structure "[001](010) La 3 Ga 5 SiO 14 /fused silica" (Fig. 1, a) depending on h × f value (h is the layer's thickness, and f is the wave frequency) are represented in Fig. 1 . This direction was chosen for studing because Y -cut of LGS crystal is the most popular for acoustoelectronics devices creation. Material constants' value for linear and nonlinear electromechanical properties were taken for the La 3 Ga 5 SiO 14 (LGS) crystal from [25] , and for fused silica -from [26] . LGS/fused silica": (a) phase velocities; (b) EMCC's at X 3 = h; α v coefficients for Rayleigh (c) and Love (d) modes at P X 1 ; α v coefficients for Rayleigh (e) and Love (f) waves at P X 2 . The QSS Sub and QFS Sub letterings are associated with the slow and fast bulk acoustic quasishear waves in the substrate; Rayleigh wave in the layer is marked by the SAW LGS letterings. (010) LGS/fused silica" bulk acoustic waves can transform into non-dispersive surface elastic waves, which can be classified as "Anisimkin Jr. mode" (AN) [27, 28] . The AN mode has such basic properties as dominant longitudinal displacement (U 1 ≫ U 2 , U 3 ; U 1 ≈ constant within the plate or layer), or a dominant shear displacement for the shear-horizontal QSH (U 2 ≫ U 1 , U 3 ), and the shear-vertical QSV (U 3 ≫ U 1 , U 2 ) waves [29] . Moreover, the approximate equality of phase velocities for the BAW and AN modes should be observed. In the case under consideration QFS wave transforms into QSH mode, but QSS wave transforms into QSV mode (Fig. 1) . It should be noted that transformation of bulk waves into AN modes in this case occurs linearly, i.e. without external influence.
The h × f change was from 0 up to 10000 m/s. Variation range of Love wave phase velocities is between the value of shear wave velocity for fused silica and slow quasi-shear wave (QSV) phase velocity for LGS (2913.89 m/s) ( Fig. 1, a) . The dispersive curve for the R 0 zero-mode Rayleigh wave starts at Rayleigh phase velocity for fused silica (3405.23 m/s), passes through a minimum at h × f =900 m/s, and gradually increases with h × f . The value increases, then coming up to the phase velocity of Rayleigh SAW for langasite. Phase velocities for higher order modes of Rayleigh wave are located between the shear wave velocity for fused silica and the velocity for the fast quasi-shear wave (QSH) for langasite (2985.56 m/s). Only Love wave has low piezoelectric activity. The EMCC calculation was performed under condition of top metallization on the piezoelectric layer (X 3 = h), and the maximal value of K 2 =0.15% at h × f =900 m/s is observed for the L 0 mode of Love wave ( Fig. 1, b) .
Application of external mechanical stress with effective symmetry ∞/mmm along elastic wave propagation direction ( P X 2 [100]) according to the Curie symmetry principle, decreases LGS initial crystal symmetry to monoclinous. As a result, modification of the crystal material constants take place: e * Thus, the symmetry axis of the second order crystal orthogonally to the sagittal plane, and, as it was mentioned above, in this case Green-Christoffel tensor (3) is divided into two independent parts and its components, taking into account static Green's tensorη AB = δ AB + 2s ABCDτCD , look as follows: 
(10)
It should be noted that in this case strong geometrical nonlinearity takes place, i.e. geometric distortion of a layer, and, correspondingly, Green-Christoffel tensor (10) becomes asymmetric, particularly the value of additional parts under stress influence at Γ 13 and Γ 31 components differs more than twice.
Under uniaxial mechanical stress application to fused silica that represent isotropic medium, the initial symmetry also decreases to hexagonal with preferential direction along mechanical stress application and indication of new effective elastic moduli. In particular, when application of uniaxial homogeneous stress coincides with the direction of the elastic wave propagation, effective elastic moduli can be represented in the following form: 
As a result, all the elastic moduli depend on the mechanical stress value, and some of them were changed in accordance with the requirements for isotropic media. It is easy to obtain that the relation c * Let's consider the mechanical stress influence on the layered structure, taking into account only static deformation of a layer without physical nonlinearity. In this case, effective elastic moduli (9) 010) LGS/fused silica" are represented. There are α v control coefficients for Rayleigh and Love waves at P X 1 and P X 2 (Fig. 1, c-f ). Solid lines are associated with α v values obtained by uniaxial stress application taking into account the Full Set of Nonlinearities both for the layer and for the substrate. Such option will be futher designated as FSN. Dashed lines show the values of the control coefficients, calculated taking into account only static deformation of the layer Geometric Nonlinearity of the Layer, excluding nonlinear material constants of LGS. Such option will be futher designated as GNL. But in the last case uniaxial mechanical stress application for the substrate was taken into account with the full set of nonlinearities of the crystal media.
The α v coefficients for quasi-shear acoustic wave (FS) and for Rayleigh wave in the LGS single crystal, calculated according to the FSN option, are equal to −1.63·10 −11 and −1.35·10
respectively. The same coefficients calculated according to the GNL parametres have magnitudes −1.6 · 10 −12 and −1.37 · 10 −12 Pa −1 respectively. Shear bulk wave in fused silica, as it was noted above, retains the degeneracy.
Values of the phase velocities of elastic waves in a layered structure, as a rule, are in the range from phase shear wave velocity in the substrate up to the value of SAW velocity for mode R 0 and up to a value of the QSH wave velocity for Rayleigh waves' modes of higher order, and up to the value of the QSV wave velocity for the elastic waves' modes with transverse horizontal polarization (SH-waves).
The behavior of dispersive dependences for the α v coefficients for Rayleigh and Love elastic waves' modes under the condition external stress application along the direction of wave propagation P X 1 is qualitatively similar for both variants of calculation (Figs. 1c and 1d) . Values of the α v coefficients at the calculations in the GNL mode are less for the first and zero Rayleigh wave mode, as a rule α v = −1.37 · 10 −12 Pa −1 for the SAW
GNL
LGS and for Rayleigh waves modes of the higher order aim for value α v = −1.57 · 10 −12 Pa −1 wave QSH
LGS . The similar control coefficients values for Love waves modes, α v = −1.6 · 10 −12 Pa −1 aim for the value QSV
LGS . Under application of mechanical pressure along the axis of the second crystal, i.e. orthogonally to the sagittal plane ( P X 2 ), the shear wave degeneration dismissal in fused silica takes place, i.e. splitting of shear wave to fast and slow waves for which α v coefficients are equal to the 2.35 · 10 −11 and 1.28 · 10 −11 Pa −1 respectively. In this case, also, reduction of the effective LGS crystal symmetry to the monocline takes place, and the α v coefficients for the fast and slow shear waves in LGS single crystal are equal to 1. for QSV wave (Fig. 1, f) . If mechanical pressure is applied along the axis of the second, orthogonally to the sagittal plane, and only geometric nonlinearity is taken into account (GNL option), the α v coefficients for the modes Love elastic waves change as well as in the above case but the limit value for QSV
LGS is equal to 8.1 · 10 −12 Pa −1 (Fig. 1, f) . It should be noted, that variations of the α v coefficients for Rayleigh wave's modes differ from the similar ones for SH-modes, as a consequence of strong geometrical nonlinearity (Fig. 1, e) . Values of the α v coefficients asymptotically aim R 0 wave modes to α v = −2.85 · 10 −12 Pa −1 for SAW
LGS and for the higher order modes,
LGS . Thus, if only static deformation measurement in this case leads to "decrease" of the elastic wave phase velocity value, than measurement of all the nonlinear material constants lead to "increase".
The results of this direction analysis are similar to those, received earlier for "[010](001) La 3 Ga 5 SiO 14 /fused silica" structure in [22] . Consequently, ignoring nonlinear material tensors of LGS crystal during calculations also leads to significant error in calculations of Rayleigh and Love elastic waves' velocities. Fig. 2 . Such direction in langasite crystal is of interest for acoustoelectronics devices creation [17] due to the presence of SAW thermostable properties, with relatively high EMCC value and zero angle of energy flow deviation [16, 30] .
In the layered structure "(0 • , 138.5
• , 26.7
• ) La 3 Ga 5 SiO 14 /fused silica" transformation of bulk acoustic waves in LGS crystal into the non-dispersive elastic wave of "Anisimkin Jr. mode" type (QSH and QSV), even in the absence of mechanical stress also takes place.
Dispersion dependence of zero-mode Rayleigh wave velocity starts from Rayleigh SAW in fused silica (3405.23 m/s), passes through a minimum at h × f =900 m/s, and then with the increase h × f gradually increases to SAW value in langasite single crystal (2735.96 m/s) and further with h×f =2500 m/s is practically non-dispersive. The interval of phase velocities chages of all the other modes is between the values of shear waves phase velocities of fused silica and QSV slow shear wave of LGS crystal (Fig. 2, a) . Both Rayleigh and Love modes have piezoelectric activity, and maximal value K 2 =0.54 % at h × f =600 m/s is obseved for the L 0 mode of Love wave (Fig. 2, b) . LGS . Note that if only static deformation is taken into account there is "decreasing" effect of wave's phase velocity, but in the case when physical and geometrical nonlinearities were involved, the "increase" of wave's phase velocity takes place (α v = 9.18·10 −12 Pa −1 ). Consideration of nonlinear material tensors of LGS crystal leads to increase of α v coefficient for ∼ 1 · 10 −11 Pa −1 for the fundamental R 0 Rayleigh mode, in comparision with GNL option. The difference between FSN and GNL calculation options is more significant for the higher order Rayleigh modes (Fig. 2, e) , as well as for Love modes. Thus, behavior variations of α v coefficients for Rayleigh wave's modes significantly differ from SH mode as a consequence of strong geometrical nonlinearity. It should be noted that α v coefficients for Love waves' modes change as in above mentioned case, but the limit value for QSV
LGS wave is equal to 1.34 · 10 −12 Pa −1 (Fig. 2, f) .
Anisotropy of elastic waves propagating in Y-cut
LGS/fused silica layered structure Fig. 3 shows anisotropy of the basic characteristics of the principal (zero) and the first mode of Rayleigh and Love acoustic waves in the structure " (010) LGS/fused silica" (Y -cut) at different types of uniaxial mechanical stress applications for the three values of h×f =1000, 3000, 5000 m/s parameter. Angle ψ was measured from the direction [100]. The elastic waves' phase velocities are in the range between SAW velocity in langasite crystal and shear wave velocity in fused silica (Fig. 3, a) . The peculiarity of the elastic wave propagation in this structure is that the bulk shear LGS waves are transformed into non dispersive surface mode of "Anisimkin Jr. mode" (QSH and QSV) wave in almost all the directions.
In Fig. 3 , b, c, d and e control coefficients of Rayleigh and Love elastic waves' α v modes under condition of external mechanical stress application along the direction of the wave propagation (P X 1 ) are represented. Influence of external mechanical stress on QSS and QFS bulk shear waves' phase velocity, as well as in the options studied above, in FSN and GNL option modes acts in different directions, i.e., taking into account nonlinear material LGS tensors when calculating, almost completely compensates geometric nonlinearity of the sample due to external stress application. However, the effect of external mechanical stress on Rayleigh and Love elastic waves' phase velocity in FSN and GNL option modes varies depending on of h × f values. In particular, α v coefficient for the fundamental R 0 mode in the direction at an angle ψ = 45 LGS (FSN) changes α v coefficient value only numerically, while the character of α v anisotropy is qualitatively similar for the both modes of calculation (Fig. 3, d, e) . The highest value of α v control coefficients in the case of external mechanical stress application P X 1 is observed for R 0 mode at h × f =5000 m/s and ψ = 58
• and constitutes −3.13 · 10 −11 Pa −1 , which is close to SAW value at this point −3.18 · 10 −11 Pa −1 (Fig. 3, b) . When external mechanical stress is applied orthogonally to the sagittal plane, i.e. P X 2 , maximum α v value also belongs to R 0 mode and constitutes 2.03 · 10 −11 Pa −1 when h × f = 5000 m/s and ψ = 60
• , which is close to SAW value at this point α v = 2.06·10 −11 Pa −1 (Fig. 3, f) . Note that α v values for all the modes' types taking into account FSN option in both cases of stress application have the same order of magnitude (10 −11 Pa −1 ). The α v values taking into account GNL option in both cases of stress application also have the same order of magnitude (10 −12 Pa −1 ), but differ at P X 1 и P X 2 for 5 times.
Conclusion
Basic equations and boundary conditions describing acoustic waves' propagation in piezoelectric layered structures under condition of uniaxial mechanical pressure application are derived. Dispersive character of acoustic modes in piezoelectric layered structures "Y -cut LGS/fused silica" due to changes in the crystals' effective symmetry under condition of external mechanical Fig. 3 . Anisotropy of acoustic wave parameters in the "(010) LGS/fused silica" layered structure for h×f (m/s) (1) -1000; (2) -3000; (3) -5000: (a) phase velocities; α v coefficients for Rayleigh (b, c) and Love (d, e) modes at P X 1 ; α v coefficients for Rayleigh (f, g) and Love (h, i) modes at P X 2 stress application was thoroughly analyzed. Dispersion characteristic of phase velocities, EMCC, control coefficients as h × f parameter functions are calculated. Valuation of the contribution of nonlinear material tensors of the third-order crystal and static deformation in the layer in changing elastic waves' characteristics due to external mechanical stress application was carries out. It was noted that valuation of material tensors of the third-order crystal increases phase velocities' control coefficients, as a rule, for more than an order, even in the directions where mechanical stress influence is minimal. It is important to note that mainly, in the structures under study, static stress effect and valuation of material tensors of the third-order crystal affect phase velocity value oppositely, i.e. in this case, α v coefficients for some modes have the opposite sign for FSN and GNL options.
The study of anisotropy of acoustic wave propagation in "Y -cut LGS/fused silica" layered structure was conducted. Depending on "thickness × frequency" value, nonlinear material LGS tensors' valuation at computation can both almost completely compensate geometric nonlinearity of the sample and increase the change of the elastic wave phase velocity under condition of external mechanical stress influence.
